Determination of transient structures in light-induced processes is a challenging goal for timeresolved techniques. Such techniques are becoming successful in detecting ultrafast structural changes in molecules and do not require the presence of probe-like groups. Here, we demonstrate that TR-WAXS (Time-Resolved Wide Angle X-ray Scattering) can be successfully employed to study the photochemistry of cis-[Ru(bpy) 2 (py) 2 ]Cl 2 , a mononuclear ruthenium complex of interest in the field of photoactivatable anticancer agents. TR-WAXS is able to detect the release of a pyridine ligand and the coordination of a solvent molecule on a faster time-scale than 800 ns of laser excitation. The direct measurement of the photodissociation of pyridine is a major advance in the field of time-resolved techniques allowing detection, for the first time, of the release of a multiatomic ligand formed by low Z atoms. These data demonstrate that TR-WAXS is a powerful technique for studying rapid ligand substitution processes involving photoactive metal complexes of biological interest.
Introduction
The unique photophysical and photochemical properties of metal-diimine complexes have been successfully exploited in numerous medical [1] [2] [3] [4] and technological [5] [6] [7] [8] [9] applications. Among these, we are currently exploring the possibility of developing photoactivatable Ru-diimine anticancer agents [10] [11] [12] which can be selectively activated in cancer cells by light. When irradiated, such complexes can undergo ligand dissociation and subsequent coordination of a solvent (water)
molecule. The aqua derivative formed is highly reactive and can interact with target macromolecules leading to cell death (Scheme 1).
Scheme 1.
A photoactivation pathway for metal-based anticancer drugs.
The potential of these derivatives as cytotoxic agents is dependent on their excited-state features which control, for example, the absorption properties of photoactivatable metal complexes and the nature of their photoreaction intermediates and photoproducts. 4, [13] [14] [15] [16] [17] [18] Obtaining structural information on transient species generated by light excitation is therefore crucial to the field of photoactivatable metal-based anticancer agents. It can reveal the mechanism of activation of the 'prodrug' helping to understand the overall mechanism of action of the metal complex in cells.
Moreover, experimental determination of transient structures can be used to validate computational methods which are accessible and powerful tools for studying the photochemistry of anticancer agents and improving their rational design. 10, 19 In the last few years, time-resolved XAS (X-ray Absorption Spectroscopy) has been successfully employed for studying excited-state structures in solution, as demonstrated by the work of several authors. [20] [21] [22] [23] [24] [25] Direct observation of structural dynamics with atomic resolution can be also obtained by TR-WAXS (Time-Resolved Wide Angle X-ray Scattering). This young technique has been used to characterize light-induced structural changes in solution for a variety of systems ranging from diatomic molecules 26 to large biomolecules. 27 TR-WAXS can capture, in one radial dimension, all the transient structures present in the laser-irradiated volume by collecting X-ray scattering patterns as a function of time delay. Data analysis of the diffraction patterns can then reveal the structural evolution of different reaction pathways, limited only by the signal-to-noise ratio of the difference signal between excited and non-excited states. Unfortunately, this has so far mainly limited the use of TR-WAXS to the study of light-induced structural dynamics for molecules containing heavy atoms. For example, TR-WAXS has succeeded in monitoring the photochemistry of CHI 3 28 and HgI 2 29 both of which can dissociate one or two I (Z = 53) atoms on the sub-s timescale. In these examples and others, 28, [30] [31] [32] the heavy iodine atom has the role of ensuring a sufficient scattering signal from the photochemically active solute molecule. This helps with extraction of the contribution of the solute photochemistry from the whole diffraction signal, which contains also all solvent-related terms (solute-solvent and solvent-solvent).
A challenge for this emerging technique is to extend its use to detect photoprocesses involving the release of complex fragments formed by low Z atoms such as C, N and O (Z = 6, 7 and 8, respectively). This will provide a significant increase in the variety of molecules that can be studied with TR-WAXS.
Herein we report a direct observation by TR-WAXS of light-induced ligand dissociation from a mononuclear metal complex of interest in the field of photochemotherapeutic agents, namely We show here that TR-WAXS is able to capture in the scattering images the release of the pyridine ligand from the metal centre and the subsequent coordination of a water molecule within 800 ns from laser excitation (the shortest time-delay acquired). The experiment provides a snapshot of the final stage of the ruthenium complex photodissociation. TR-WAXS captures two molecular events, the release of py and the coordination of an H 2 O molecule, and records them as a function of the inter-atomic radial distribution function. The TR-WAXS signal is extracted as the difference between the scattering profile before and after laser excitation. Consequently, the technique detects the differences in the radial distribution function between the un-reacted and the reacted states.
The structural information in our TR-WAXS experiment is unprecedented and shows that the technique can be successfully used to monitor the photorelease of a heterocyclic fragment formed by low Z atoms. Interestingly, information on second and third shell 34 atoms around the metal center is also obtained. This result is even more remarkable if the small difference in the diffraction signal of the reacted and un-reacted metal complex is considered.
The sub-μs temporal resolution of the experiment is determined by the choice of the excitation method (see the Results and Discussion section), and still needs to be improved to capture the excited-state dynamics of the py release from cis-[Ru(bpy) 2 (py) 2 ]Cl 2 (1-10 ns) and the water coordination that follows. Nevertheless, the results reported here establish TR-WAXS as a new tool for the study of photoactive metal complexes. We demonstrate how TR-WAXS can probe bond cleavage between the Ru center and the low Z atoms of the leaving pyridine ligand, as well as the formation of a new Ru-O bond due to the coordination of a solvent molecule.
In the field of metal-based anticancer agents, TR-WAXS structural determination of shortlived transient species generated from such systems (e.g. under physiological conditions) could lead
to new discoveries about their mechanism of action. The extraction of the (k) function was performed using Athena programs. 45 Three consecutive EXAFS spectra were collected, resulting in three (x) spectra being obtained by integrating the counts of the 9 elements of the fluorescence detector. Corresponding k 3 -weighted (k) functions were averaged and Fourier Transformed in the Δk = 2.00-14.00 Å -1 interval. The quality of the averaged k 3 (k) data can be appreciated in Figure 1a . EXAFS data analysis was performed using the Arthemis software. 45 The fits were performed in R-space in the ΔR = 1.00-5.00 Å range paths are generated by the code. According to the criteria described in the Supporting Information, we selected 30 main paths that were sufficient to reconstruct the overall EXAFS signal. To limit the number of optimized variables, all paths were optimized with the same amplitude factor (S 0 2 ) and with the same energy shift (ΔE) parameter. Moreover, both the two py and two bpy ligands were considered as rigid molecules whose only degree of freedom is the radial translation along the corresponding Ru-N axis. The two pyridine ligands were assumed to behave in the same way and the same action was inferred for the two bpy ligands as well. Consequently, the only two structural parameters optimized in the fit were the distances R Ru-N(py) and R Ru-N(bpy) ; the lengths of all the other paths were calculated starting from these two values, according to geometrical constraints imposed by the rigidity of the py and bpy ligands. Concerning the Debye-Waller (DW) factors, only two parameters were optimized: Ru-N(py) and Ru-N(bpy) , associated with Ru-N bonds for py or bpy ligands, respectively. For SS and MS paths involving atoms of the same ligand, we imposed the corresponding DW factor to be
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) (L = py or bpy). In this way, when the mean free path length (R eff ) increases, we roughly take into account the expected proportional expansion of its standard deviation ( ). Several almost co-linear MS paths involve two N atoms of two opposite L and L' ligands. In these cases their DW factors were computed as
2 . Summarizing, the fit runs over 6 independent parameters only. A similar approach to 
TR-WAXS data collection.
A full account on the ID09B beamline architecture and instrumentation is provided elsewhere. 53 The sample solution was continuously circulated using a liquid jet apparatus. The liquid enters from above and is collected in a funnel below the interaction point. The pumping speed of the circulating solution is set such that the sample is replaced between two laser pulses (ca. 1 ms apart) and to guarantee a laminar regime of the falling liquid, necessary to maintain a constant sample thickness crossed by the pumping and probing beam. The scattering pattern is collected on a CCD detector centered on the incident beam. A Photonics Industries Laser "DM50" was used to photoexcite the sample. The laser repetition rate was identical to that of the Xrays (~ 986 Hz). Using a diode current of 8.6 A, a 800 ns pulse was obtained. The laser energy on the sample was 195 mW and a transmission (through the sample) of about 60% was measured. The laser beam was focus to 0.37 0.19 (hor ver) mm 2 . The estimated percentage of photodissociated molecules per laser pulse is ca. 6% in the irradiated volume (2.7 10 -2 mm 3 ) (see Supporting Information). 21 We benefited from the new fast readout FReLoN CCD detector. The raw images were corrected in order to take into account several unavoidable effects: i) pixel/optical fibers connection; ii) fluorescent screen non-homogeneity; iii) X-ray beam polarization (in plane, linear) 26, [54] [55] [56] [57] ; iv) X-ray to visible photon conversion efficiency due to the -dependence of the optical path through the fluorescent screen; v) X-ray extinction due to sample absorption ( -dependent because of the path length). Afterwards, the azimuthal averaging procedure was performed, to obtain the I( ) and thus I(q) curves using the peak of the narrow distribution of the spectrum emitted by the U17 undulator. This procedure was repeated for each time delay .
Differential ΔI(q, ) = I(q, ) -I(q, 0 = -1200 ns) curves were calculated between adjacent acquisitions and then averaged over 530 acquisitions as reported in Figure 2c . The quality of the obtained fit in both R-and k-spaces can be appreciated in Figure 1 and is further confirmed by the very low values of both R-factor and errors associated to the fitting parameters (see Table 1 ). It is worth highlighting that bpy units contribute to the high distance paths almost twice as much as the py units. Therefore, distances and Debye-Waller factors were determined with a better precision for the bpy ligands. Accordingly to the lower mass, py units of the complex exhibit a Debye-Waller factor higher than bpy. The nitrogen atom of the py units is located at a distance of 2.09 ± 0.01 Å from Ru, hence 0.08 Å shorter than the value predicted by DFT calculations (Table 1) 59 The lack of emission in aqueous solution of the complex is due to a low-lying 3 MC (metal-centered) or 3 LF (ligand-field) state, which deactivates the 3 MLCT state and is also responsible for the py dissociation. 10 The relatively long laser pulse was used to enhance the fraction of excited molecules thus increasing the difference signal. 2D diffraction images were taken at four different positive time delays ( = 800, 1000, 1500 and 5500 ns) between laser-pump and X-ray-probe and then azimuthalaveraged to give the corresponding I(q, ) curves. 26 This non-excited image is necessary in TR-WAXS to determine structural changes upon irradiation, since the technique relies on the difference between the X-ray scattering signal of the sample after (positive delays) and before (negative delay) laser irradiation. Therefore, differential intensities were defined as ΔI(q, ) = I(q, ) -I(q, 0 ). Due to the very low signal-tonoise ratio of a single ΔI(q, ), whose magnitude is < 0.1% of the single I(q, ) acquisition, 530
images for each time delay were collected and the corresponding ΔI(q, ) were averaged, giving a significant improvement in the signal-to-noise ratio (Figure 3a) . At this stage in the data processing, measurements resulted in four identical curves, within the signal-to-noise ratio, indicating that the photochemical process was already complete after 800 ns (as expected). All the acquired data were then further averaged to improve the signal-to-noise ratio (see ΔI(q) green curve in Figure 3b ). The q-weighted Fourier Transform (FT) of ΔI(q) resulted in ΔI(r) (see green curve in Figure 3c ) which represents the difference in the overall radial distribution function of all components in the sample, after and before photoexcitation (solvent, metal complex and its fragments).
An important contribution to ΔI(r) is the solvent response to the heat-release from the solute molecules excited by the laser pulse. 60 In particular, due to the limiting dissociation yield (20%) 33 and the use of the long laser pulse to generate multiple chances of dissociation, we expect the solvent response to play an important role. Accurate extraction of the solvent contribution ΔI solv (q) and its corresponding ΔI solv (r) (black curves in Figure 3b and 3c) from the averaged ΔI(q) curve was therefore investigated. This was achieved by performing the same data acquisitions, but with the Ru sample replaced by a solution containing a phochemically-inert solute (KMnO 4 ) able to transfer a similar amount of heat to the solvent per laser pulse. This heat-removal procedure is critical for the present system, since only a small fraction of the solute reaches the photoactive excited state per laser-pulse and the information relevant to the structural changes in the molecule is very difficult to isolate from the total signal. The thermal relaxation decay time was estimated to be ca. 250 μs using the method of Fader. 61 Since this value is greater than time-scale of the TR-WAXS experiment, a contribution from the decay of thermal effects is not present in the TR-WAXS curves. The ΔI solv (q) curve was scaled (scaling factor of 1.5) to minimize the difference between ΔI(q) and ΔI solv (q) in the region 1.5 Å -1 -2.95 Å -1 , where the signal is dominated by the thermal rearrangement effects of the bulk water structure (Supporting Information). The scaled ΔI solv (q) was thus subtracted from the overall signal ΔI(q), to give the difference Δ[ΔI(q)] = ΔI(q) -ΔI solv (q) (bottom purple curve in Figure 3b ) which, despite being slightly noisy, exhibits well defined maxima and minima. In rspace the differences between ΔI(r) and ΔI solv (r) are appreciable up to 5 Å, and result in a nicely structured Δ[ΔI(r)] curve (bottom purple line in Figure 3c ). In particular, the peaks at 3.14 and 4.69 Å suggest that TR-WAXS is able to detect, for the first time, the release of low Z atoms from the second and third shells.
In order to correctly assign each peak to the corresponding atoms of the released ligand, three TR-WAXS simulated curves were calculated using a simplified scattering model 62 and DFToptimized structures of all the species involved in the photoprocess (Figure 4b) . 63 In the first case the {[Ru(bpy) 2 
Conclusions
Although limited by the excitation source and by the signal-to-noise ratio, the structural and temporal information obtained in this experiment are unique due to the relatively complex nature of the photoreleased ligand. Conversely, more is known on the femtosecond timescale of the photorelease of ligands such as CO. 33, 64 On the basis of this first exciting result, future applications of TR-WAXS to photoactivatable metal anticancer agents can now be envisaged, including study of their photochemistry on shorter time-scales (1-100 ns), in biological conditions (e.g., salts, peptides, metabolites), and in the presence of target macromolecules relevant to tumor cells.
Preliminary new data suggest that the time scale of the py photodissociation for cis- This technique is able to directly capture the structural changes in the metal complex due to the release of a pyridine ligand and the coordination of a solvent molecule within 800 ns of laser excitation.
